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ABSTRACT 


Beryllium  diffused  surfaces  on  Type  310  stainless  steel. 
Inconel,  and  Haynes  Stellite  31  were  evaluated  for  resistance  to  fuel¬ 
oil-ash  slags  at  elevated  temperature.  Considerable  improvement  in 
resistance  to  corrosion  caused  by  vanadium  bearing  slags  was  induced 
in  the  stainless  steel.  However,  a  decreased  resistance  to  sulfate- 
chloride  corrosion  was  shown  by  ail  surfaces,  while  the  over-all  ret-ist- 
ance  of  the  Haynes  Stellite  v/as  significantly  reduced  by  the  berylliumiz.- 
ing  process.  A  metallographic  examination  of  the  coatings  is  pre¬ 
sented. 


E.E.S.  REPORT  910088 


ADMINISTRATIVE  INFORMATION 

This  investigation  was  authorized  by  Bureau  of  Ships  letter 
All/NS-013-120  (343)  serial  343-168  of  21  April  1958. 


E.E.S.  REPORT  910088 


/  TABLE  OF  CONTENTS 

Pjge 

ABSTRACT  il 

ADMINISTRATIVE  INFORMATION  iii 

REPORT  OF  INVESTIGATION 

Introduction  1 

Materials  ‘  1 

Method  of  Test  2 

Results  of  Tests  3 

Conclusions  5 

Discussion  6 

References  7 

ILLUSTRATIONS 

Figure  1  -  Photomicrographs  of  Beryllium  Diffused  Metal 

Surfaces  (X2S0)  9 

Figure  2  -  Oxidation  of  Bcrylliumized  Type  310  Stainless 

Steel  11 

Figure  3  -  Oxidation  of  Bcrylliumized  Inconel  12 

Figure  4  -  Oxidation  of  Berylliumized  Haynes  Stellite  31  13 

Figure  5  -  Photomicrographs  of  Berylliumized  Surfaces 

Corroded  by  Simulated  Fuel-Oil-Ash  (X15)  16  -  17 

LIST  OF  TABLES 

Table  1  -  Base  Materials  Subjected  to  Berylliumizing  2 

Table  Z  -  Weight  Change  in  Berylliumizing  3 

Table  3  -  Oxidation  of  Berylliumized  Surfaces  4 


IV 


E.E.S.  REPORT  910088 


REPORT  OF  INVESTIGATION 

INTRODUCTION 

The  performance  of  fuel-burning  equipment  Is  limited  by  the 
rapid  corrosion  of  refractory  and  ordinary  heat  resisting  surfaces  by 
van.idium  bearing  fuel-oil-ash,  references  (a)  and  (b).  Severe  attack  on 
heat  resisting  steels  and  alloys  also  occurs  from  alkali-earth  sulfates 
mived  with  chloride,  reference  (c).  The  presence  of  these  substances 
is  reasonably  assured  in  the  combustion  of  fuel  in  marine  equipment. 

One  approach  to  this  limiting  probleni  is  to  reduce  or  prevent  the 
corrosion  of  olhcrwi.sc  suitable  materials  bv  the  application  of  pro¬ 
tective  coalings  or  surfaces.  Aluminum  coatings  on  stainless  steel 
v.crc  shown  in  references  (d)  and  (e)  to  be  no  solution  to  the  fiiel-oil- 
.ish  oroblem.  Vari«»us  refractory  coatings,  reference  (f),  likewise 
h.»ve  tailed  to  provide  the  necessary  resistance. 

•  A  process  whereby  beryllium  is  deposited  and  diffused  into 

metallic  surfaces  has  been  developed  by  The  Metallic  Surfaces  Rc.'icarch 
Laboratories,  Limited,  Oxbridge,  Middlesex,  Great  Britain.  The 
purpose  of  thr-  process  is  to  provide  a  surface  resistant  to  vanadium 
peiitoxidc  corrosion  at  elevated  temperatures.  The  process  apparently 
is  a  highly  piotectcd  proprietary  item;  thus,  little  specific  information 
lia.s  vet  been  obtained. 

The  Bureau  of  Ships,  by  negotiation  through  the  N.ival  Attache 
.I  'd  Naval  Attache  for  Air,  Navy  100,  Fleet  Post  Office,  New  York, 

N'  w  Y«»rk,  arranei-d  to  have  specimens  treated  By  this  process.  Such 
.M-a;.':<  rneni s  were  recpieslcd  in  reference  (g).  The  processed  speci- 
.1'.  MS  were  ovaluaied  at  the  Station  for  resistance  to  fuel -oil -ash 
I  •!  Ilf  i.iM,  Tin-  r«  suits  of  this  evaluation  are  presented  herein. 

.  A  !  1  KIAI^ 

Four  .specimens  each  of  stainless  steel.  Inconel,  and  Haynes 
<  lliti-  vvt  ri-  "biTylliumizcd. ’*  The  size  of  each  specimen  was  1/4"  by 

•  /H"  .Specific  characteristics  of  the  materials  from  which 

•  1.'  ;.p<  eini4-(S  were  fabricated  are  presented  in  Table  1, 
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Table  1 


Base  Materials  Subjected  to  Berylliumizing 


Material 

Condition 

Composition,  wt  % 

Type  310  stainless  steel 

1/4"  rolled  plate, ^ 
annealed 

51.83  Pe.  25.30  Cr, 
20.32  Ni.  0.66  Si,  1.65 
Mn,  0.05  C,  0.16  Cu. 

6.00  Fe.  13.05  Cr. 

Inconel 

3/4”  ^  hot  rolled 

76.03  Ni,  0.42  Si,  0.33 

• 

8 

• 

Co,  0.70  Ti,  1.30  Al 

• 

.  • 

1.37  Fe,  24.71  Cr. 

• 

Haynes  Stellite  31 

1/4"  plate,  aged 

9.76  Ni.  7.62  W.  0.49 
Si,  0.56  Mn,  0.5C, 
Balance  Co 

METHOD  OF  TEST 

A  cursory  examination  of  the  effect  of  processing  on  the 
materials  was  made  by  weight  change  a*nalysis  and  visual  and  mctallo- 
graphic  inspections. 

The  bcrylliumixed  specimens  were  subjected  to  high  temper¬ 
ature  oxidation  and  corrosion  by  three  oxidation -accelerating  slags. 
These  slags  were; 

1.  A  sulfatcd  vanadium  slag  formed  from  70%  + 

30%  Na^SO^.  This  slag  induced  on  Type  310  stainless  steel  a  corro.sioj) 
rate  similar  to  that  found  on  failed  superheater  lube  support  plates 
removed  from  service  boilers. 

Z.  A  nonsulfated,  vanadium  slag  formed  from  79% 

V2O5  +  Zl%  NaV03.  This  slag  induced  the  highest  oxidation  rate 
observed  to  date  for  vanadium  slags.  The  constituent  proportion  of 
this  slag  was  equivalent  to  a  6: 1  ratio  of  V205/Na0. 

3.  A  nonvanadium  slag  formed  from  90%  Na^SO^  f  10% 
NaCl.  This  slag  was  termed  the  sulfate -chloride  slag.  The  constituents 
used  in  these  slags  were  chemically  pure  (CP)  grade  reagents. 
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In  the  vanadium  slag  corrosion  tests •  the  specimens  were 
precontaminated  by  immersing  in  the  specific  slag  for  two  hours  at 
1600*F»  In  this  manner,  a  contaminated  surface  was  prepared  which 
was  then  tested  in  the  oxygen  consumption  apparatus.  A  description 
of  the  apparatus  and  test  procedure  is  contained  in  reference  (a).  In 
test,  the  specimens  were  maintained  at  1600*F  in  an  oxygen  environ¬ 
ment  at  one  atmosphere  pressure.  The  consumption  of  oxygen  by  the 
surface  was  periodically  measured.  Duration  of  the  tests  was  approxi¬ 
mately  23  hours.  The  weight  of  material  corroded  during  test  was  also 
determined.  The  specimens  were  descaled  after  test  by  the  molten- 
sodium  hydride -quench  procedure. 

«  Tests  in  the  sulfate -chloride  slag  differed  from  the  above 

procedure  in  that  there  was  no  precontaminating  step.  Instead,  the 
specimen,  with  five  grams  of  slag  mix,  was  contained  in  a  ceramic 
boat  in  the  oxygen  consumption  apparatus  during  test. 

RESULTS  OF  TESTS 

The  berylliumizlng  process  induced  average  weight  gains  in 
the  various  materials  as  shown  in  Table  2. 

Table  2 

•  . 

,  .JkVeight  Change  in  Berylliumir.ing 


« 


• 

Material 

Standard  Deviation,  n  =  4 

Type  310  stainless  stc-r  l 

0.0232 

0.00065 

Inconel 

0.0275 

0.00293 

Haynes  Stellite  31 

0.0184 

0.00077 

The  surfaces  of  the  specimens,  which  were  of  a  fine  machine 
finish  prior  tO  berylliumizing,  had  a  mottled  white  and  gray  color  and 
approximately  80  microinches  rms  surface  roughness  after  berylliumiz¬ 
ing.  A  fine  white  powder  was  obviously  expelled  on  handling  the 
specimens. 


Photomicrographs  of  the  processed  surfaces  are  shown  in 
Figure  1.  Total  depth  of  the  coating  or  diffused  layer  appeared  to  be 
0.0044”  for.  the  stainless  steel,  0.0016”  for  the  Inconel,  and  0.0016” 
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for  the  Stellite.  Diffusion  to  greater  depth  probably  occurred,  but  the 
concentration  was  not  sufficient  for  phase  formation,  and  the  maximum 
depth  could  not  be  indicated  by  the  etching  technique.  Extensive  diffu¬ 
sion  occurred  in  the  berylliumized  layer  on  the  Type  310  stainless  steel.  . 
Complex  metallic  phases  were  distributed  from  the  surface  to  the  base 
rnelal  interface.  The  variable  etching  rates,  which  occurred  in  selected 
reagents,  indicated  the  surface  phases  to  be  high  in  beryllium.  Some 
needles  of  a  high  beryllium  phase,  however,  extended  to  the  substrate 
interface.  Signs  of  eutectic  phases  were  also  found  in  the  berylliumized 
layer.  Phase  diagrams,  reference  (h),  show  that  nickel  and  iron  series 
of  alloys  with  beryllium  contain  complex  intermetallic  compounds  with 
associated  eutectic  compositions.  The  locations  of  nonmetallic  inclu- 
Mons  in  the  diffusion  layers  indicated  that  the  diffusion  or  growth  of  the 
]ay(‘rs  was  predominately  inward  into  the  base  material.  Both  the 
L'.conel  and  Stellite  also  showed  characteristics  of  extensive  diffusion, 
although  somewhat  different  than  the  Type  310  stainless  steel.  Diffusion 
(j-  beryllium  in  the  base  material  beyond  the  phase  concentration  line 
'  as  quite  obvious  in  the  Inconel.  Grain  boundary  diffusion  was  apparent 
•.!  this  low  concentration  area.  Tittle  or  no  diffusion  in  the  substrate 
vas  indicated  in  the  Type  310  steel  or  the  Stellite. 

Results  from  the  oxidation-corrosion  tests  of  the  berylliumized 
ii'faces  are  shown  in  Table  3  and  the  graphs  of  Figures  Z,  3,  and  4. 

T  eluded  in  the  graphs  are  nonberylliumized  surfaces  for  comparison. 

‘  •  Figure  5  are  photographs  of  berylliumized  surfaces  after  test. 


Table  3 

Oxidation  of  Berylliumized  Surfaces 


Ml  of  O, 

>/!:».  ^ 

Total  Weignt 

!..f  ! 

Surface 

C  or  amtn4r.t 

1  Hr 

Z  Hr 

3  Hr 

Kxtrndcd 

T  imc 

1..05S  of 
bpccimtrn,  gm 

Remarks 

r.c 

3 

4 

4 

10  at  23  hr 

No  obvious  damage  or 
corrosion 

70".  4  lOTc 

3.7 

6 

20  al  23  hr 

0.2237 

blight  surface  erosion 

I  .  ..  UO 

7  ''■»  V/Os  ♦  .ilTi  NaVOj 

i 

nr 

.* 

24 

at  23  hr 

0.9^10 

Local  large  pu  cor¬ 
rosion.  definite  depth 
limit 

'10%  t  I07s  NaCI 

t 

HR 

466 

308 

564  at  23  hr 

3.2044 

Massive  craterxj.g  and 
erosion 

No 

1 

1 

1 

1  at  23  hr 

No  obvious  dam«  ^e  or 
corrosion 

V '  * . u r 

TOr*  V^O*.  ♦  30T.  Na^.s04 

ii. 

66 

105 

495  at  23  hr 

3.1790 

Massive  cratering, 
selective  corrosion 
(sponge) 

i! 

7'>T.  V..Os  4  .:1S  NaV03 

19 

Z7 

35 

94  at  23  hr 

3.3678 

General  surface  ero- 
sior..  pebbly  surface 

'>0%  Na^SO^  4  10%  NaCl 

39 

48 

66 

248  at  22  hr 

3.8902 

Gener«’  '  roscopic 
pit  erosU'i 

No  «lag 

4 

4 

4 

4  at  23  hr 

No  obvious  damage  or 
cot  rosion 

70%  V  ^0$  4  ^0%  N*2S04 

23 

38 

49 

112at23  hr 

2.0007 

Small  cratering  in 
general  erosion 

70'’.  V,05  4  NaVOj 

43 

31 

53 

79  at* 21  hr 

2.3818 

Ma.ilve  cratering, 
extensive  on  edges 

90%  NaiS04  4  10%  NaCl 

71 

314 

649 

94Cal24hr 

15.6693 

Massive  erosion,  com¬ 
plete  deterioration 

■1 
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The  berylliumized  Type  310  stainless  steel  surfaces  exhib¬ 
ited  considerable  resistance  to  vanadium  slags  over  a  23 -hour  history. 
No  metallic  surfaces  studied  to  date  have  shown  greater  resistance. 
However,  the  berylliumized  stainless  steel  showed  poor  resistance  to 
the  sulfate-chloride  slag.  In  fact,  the  processed  surface  was  less 
resistant  than  the  base  material. 

The  berylliumized  Inconel  was  highly  resistant  to  vanadium 
slags.  However,  no  improvement  was  considered  to  have  been  induced 
by  the  process,  as  Inconel  itself  is  highly  resistant  to  vanadium  slags. 
As  with  the  stainless  steel,  the  berylliumized  Inconel  showed  less 
resistance  to  sulfate -chloride  slag  than  an  unprocessed  Inconel  surface. 

The  berylliumized  Haynes  Stellite  31  surfaces  were  less 
resistant  to  all  slags  than  the  unprocessed  siirfaces.  The  bcrylliurnii'.rd 
surfaces  suffered  exceptionally  severe  damage  from  the  sulfatcd- 
vanadium  slag.  The  resistance  to  this  slag  of  the  processed  surface 
was  estimated  to  be  30%  of  the  uncoated  Haynes  Stellite  31  material. 

The  weight  losses  of  specimens  during  test  supplemented  the 
oxygen  consumption  indications  of  corrosion.  Likewise,  the  appearance 
of  the  surfaces  after  test,  shown  in  Figure  5,  indicated  similar  degrees 
of  corrosion.  It  is  apparent  from  the  photographs  that  different  cor¬ 
rosion  mechanisms  operated  on  the  different  surfaces.  The  sulfatcd- 
vanadium  slag,  somewhat  noncorrosive  to  berylliumized  Tyf>c  310 
steel,  was  microscopically  selective  and  severe  on  the  Stellite,  while 
being  grossly  selective  or  cratering  and  moderately  corrosive;  to  the 
Inccijiel.  The  nonsulfaled  vanadium  slag  caus<‘d  a  sparse,  f)il  type 
attack  on  the. bcrylliurnizc*d  Type  310  steel  surface,  a  general  erosiini 
on  the  Hayncss  Stellite  31,  and  a  massive  cratering  type  attack  on  tiie 
Inconel.  The  sulfal«« -cliloride  slag  resulted  in  a  cataslropli ically 
.severe  corrosion  to  all  berylliumized  .surfaces  and  yet  showed  «-vidiiice 
of  difterent  mechanisms  for  each.  A  massive  cratering  altnf;k  occurred 
on  tlie  Type  310  stairdess  steed,  a  microscojjic,  pit  type  erosion 
occurn-d  on  the  Haynes  Stellite  31,  and  complete  destruction  via  t:ro- 
.sion  and  wastage  occurred  on  the  Inconel. 

CONC  LUSIONS 

The  following  conclusions  are  derived  frotTi  the  for<‘going 

results: 

1.  The  !>erylliumizing  process  produces  a  diffused  alloy 
surface  of  microscopic  d'ejJlh  on  Type  310  stainless  steel,  Inconel,  arid 
Haynes  Stellite  11^1 
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2.  The  berylliumized  Type  310  stainless  steel  and  Inconel 
surfaces  are  highly  resistant  to  vanadium  bearing  laboratory  slags. 

Such  surfaces,  however,  are  less  resistant  to  sulfate-chloride  slag  than 
the  untreated  base  materials. 

3.  A  berylliumized  Haynes  Stellite  31  surface  is  less 
resistant  to  simulated  fuel -oil-ash  slags  than  untreated  Haynes  Stellite 
31. 

DLSCUSSION 

The  effectiveness  of  berylliumizing  for  increasing  resistance 
to  vanadium  bearing  fuel -oil -ash  is  a  function  of  the  base  material.  Of 
the  three  materials  investigated,  only  the  iron  base,  Type  310  stainless 
steel  was  amenable  to  improvement,  while  the  natural  high  resistance 
of  Haynes  Stellite  was  substantially  reduced.  It  is  anticipated  that,^  at 
present,  the  resistance  of  various  treated  alloys  must  be  determined 
individually.  However,  since  alloys  of. a  particular  system  are 
expected  to  behave  somewhat  similarly,  it  is'considercd  that  the  iron 
base  alloys  are  IhC  most  appropriate  for  a  subsequent  study,  A  pro- 
j^ramfor  evaluating  various  berylliumized,  ferrous  alloy  surfaces  will 
bo  discussed  with  the  Bureau  of  Ships. 

The  lack  of  improved  resistance  to  sulfate-chloride  slag 
shown  by  the  berylliumized  surfaces  somewhat  vitiates  the  use  of  such 
surfaces  in  marine  firesides.  Until  the  complex  phases  of  marine  firc- 
.side  corrosion  arc  better  understood  and  the  primacy  of  either  vanadium 
or  sulfate -chloride  corrosion  established,  the  true  worth  of  berylliumized 
surfaces  for  nav.al  use  cannot  be  determined  from  laboratory  study.  It 
is  anticipated  that  future  evaluatior^  of  berylliumized  surfaces  will  con¬ 
tain  the  elements  of  a  service  exposure.  This  can  be  provided  by  the 
insertion  of  suitable  specimens  in  selected  locations  in  ships'  firesides. 
Nevertheless,  initial  evidence  for  a  selection  for  service  exposure  must 
come  from  the  simple,  expedient,  'laboratory  type  tests, 

I 

Considerable  difficulty  was  experienced  in  maintaining 
<  or respondence  regarding  the  processing  of  specimens.  As  a  result, 
little  information  of  the  process  is  .available.  The  Chromizing  Company, 
17<Il  East  47th  Street,  Los  Angeles  58,  California,  is  an  associate  of 
'Iho  Metallic  Surfaces  Research  Laboratories,  Limited.  The  Chromizing 
Company  has  recently  been. named  as  a  domestic  exhibitor  of  the  beryl- 
liumizing  process.  Their  co-operation  in  future  investigations  of  this 
process  should  enable  a  more  rapid  processing  of  spccimes  and  provide 
better  basic  information  of  the  berylliumizing  tre.itmcnt. 
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Be^iiiUm  and  many  of  its  compounds  are  extremely  toxic. 
Tbe  beryllium  ion  is  considered  to  be  one  of  the  most  toxic  of  any 
industrial  material*  Physical  manifestations  of  beryllium  induced 
diseases  are  cheniical  pneumonitis,  berylliosis,  and  skin  reactions, 
such  as  dermatitua,  ulcers,  and  tumors*  The  contamination  limit,  as 
established  by  the  U,  S.  Atomic  Energy  Commission,  is  two  micro - 
grams  per  cubic  theter  as  an  average  concentration  for  in>plant  atmos> 
pheresi  reference  (i).  It  is,  therefore,  apparent  that  extreme  pre¬ 
cautions  are  essential  in  working  with  beryllium  or  its  compounds.  A 
program  involving  any  but  the  most  cursory  manipulations  will  require 
substantial,  specialized  equipment. 
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RECOMMENDATIONS 

The  low  corrosion  resistance  of  certain  berylliumlzed 
surfaces  requires  that,  at  present,  berylliumized  surfaces  not  be 
advocated  for  fjsneral  use  in  the  naval  service.  However,  it  is  recom¬ 
mended  that  further  investigation  of  such  surfaces  be  conducted.  The 
increased  resistance  shown  by  the  Type  310  stairile.ss  steel  may  be 
indicative  of  an  improvement  exclusive  to  certain  alloys.  At  this  phase 
of  the  study,  It  is  suggested  that  berylliumized  surfaces  on  iron  and 
iron-chromium  base  alloys  be  investigated. 
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Figure  2 

Oxidation  of  Bery  lliumixcd  Type  310  Stainless  Steel 
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Figure  3 

O^ridation  of  Berylliumizcd  Inconel 
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ml  O2  CONSUMED  PER  SQUARE  INCH 
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Figure  4 

Oxidation  of  Berylliumized  Haynes  Stellite  31 
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Base  Material: 
Corrodent 


Sulfated  Vanadium  Slag 
70%  V2O5  +  30%  Na2S04 


Nonsulfated  Vanadium  Slag*  ‘  — 
79%  V2O5  +  21%  NaV03 


Sulfate -Chloride  Slag 
90%  Na2S04  +  10%  NaCl 


Figure  5 

Photomicrographs  of  Berylliumizcd  Surfaces  Corroded  by 
Simulated  Fuel -Oil -Ash  (XI 5) 
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